Faithful chromosome segregation during meiosis I depends upon the formation of connections between homologous chromosome pairs. For most chromosome pairs a connection is provided by crossovers. The crossover creates a link that allows the pair to attach to the meiotic spindle as a unit, such that at anaphase I, the partners will migrate away from one another. Recent studies have shown that some chromosome pairs that fail to experience crossovers become paired at their centromeres in meiotic prophase, and in some organisms, this pairing has been shown to promote proper segregation of the partners, later, at anaphase I. Centromere pairing is mediated by synaptonemal complex (SC) proteins that persist at the centromere when the SC disassembles. Here, using experiments in mouse and yeast model systems, we tested the role of shugoshin in promoting meiotic centromere pairing by protecting centromeric synaptonemal components from disassembly. The results show that shugoshin protects centromeric SC in meiotic prophase and also promotes the proper segregation in anaphase of partner chromosomes that are not joined by a crossover.
INTRODUCTION
Faithful chromosome segregation during meiosis depends upon the formation of connections between homologous chromosome pairs. Crossovers, also called exchanges, are the basis these connections. Chiamata, the cytological manifestation of crossovers, in conjunction with sister chromatid cohesion, create the physical links that hold the maternal and paternal homologous chromosomes in pairs called bivalents (reviewed in (1) ). The linkage allows the bivalent to attach to the meiotic spindle as a single unit, such that at anaphase I, the partners will migrate away from one another to opposite poles of the spindle. In some instances, even in the absence of exchanges, proper meiotic chromosome segregation can be achieved (reviewed in (2) (3) (4) ). In yeast and Drosophila when a single chromosome pair does not experience an exchange, the pair still segregates correctly in most meioses (5) (6) (7) (8) (9) (10) (11) . Although the behavior of non-exchange chromosomes has been difficult to study in mammalian models, there are indications that here too, there may be mechanisms beyond crossing-over that help to direct their behavior in meiosis I. For example, in mice, the majority of chromosomes in oocytes from Mlh1 recombination-deficient mutant appeared to be spatially balanced on the spindle (12) , and in humans, while smaller chromosomes (21 and 22) fail to experience crossovers in about 5% of meioses (13) (14) (15) , they are estimated to non-disjoin in less than 1% of meioses (14) (15) (16) (17) .
In yeast and Drosophila, the centromeres of non-exchange partners pair or interact in meiotic prophase (18) (19) (20) (21) (22) . Similar centromere pairing is also seen in mouse spermatocytes (23, 24) . Meiotic centromere pairing (or clustering in Drosophila females) is mediated by proteins that are components of the synaptonemal complex (SC) (20, (22) (23) (24) (25) . The SC zippers the axes of homologous chromosomes along their lengths in mid-meiotic prophase (pachytene) and disassembles in late prophase (diplotene). However, SC proteins persist at centromeres, holding them together in pairs (yeast and mouse spermatocytes; (20, 22, 23) ) or clusters (Drosophila females; (25) ). In budding yeast, this centromere pairing has been shown to be correlated with proper disjunction of the non-exchange pair (20, 22) . Important questions remain unanswered regarding the mechanism and function of centromere pairing. First, how does centromere pairing by SC components in prophase ensure disjunction in anaphase? This is especially curious as the SC components at the centromeres are largely gone by meiotic metaphase when the centromeres begin attaching to the microtubules of the spindle (20, (22) (23) (24) . Second, what enables SC proteins to persist at the paired centromeres when the SC disassembles? The collection of SC components at the paired centromeres appears no different than the rest of the SC (20, (22) (23) (24) . This suggests the model that there is a mechanism that protects a conventional SC structure at centromeres from the disassembly process.
The persistence of centromeric SC in late prophase, when the chromosomal arm SC disassembles, is reminiscent of the protection of meiotic cohesins at centromeres at the metaphase I to anaphase I transition when arm cohesion is lost (reviewed in (26) ). Protection of centromeric cohesin in meiosis I is mediated by shugoshin -a function first revealed by studies of the mei-S322 gene in Drosophila (27, 28) (reviewed in (29) ). In yeasts and mouse oocytes, shugoshin has been shown to recruit forms of PP2A phosphatase to centromeres, rendering the centromeric cohesin refractory to cleavage by the protease separase at the metaphase I to anaphase I transition (30) (31) (32) (33) (34) . In budding and fission yeast, shugoshin acts by protecting the Rec8 component of cohesin from phosphorylation by casein kinase, and also in budding yeast by the Dbf4 kinase (DDK). In other organisms the identities of the kinases that prepare cohesins for separase cleavage have not been determined (35) (36) (37) (reviewed in (29)).
Phosphorylation also promotes SC disassembly and degradation, but at the pachytene to diplotene transition (reviewed in (38) ). Studies in rats and mice have correlated the phosphorylation of SC components (SYCP1, SYCP3, TEX12, and SYCE1) with pachytene exit and SC disassembly (39, 40) and the Polo-like kinase PLK1 localizes to the SC central element in pachytene and can phosphorylate SYCP1 and TEX12 in vitro (39) . Similarly, in budding yeast, Polo-like kinase (Cdc5) expression is central in promoting SC disassembly (41) , but it works in a network with other kinases; Dbf-4 kinase and cyclin-dependent kinase (CDK) (39, (42) (43) (44) (45) . In mice, CDK has also implicated in promoting SC removal.
The parallels between the protection of cohesins and SC components at the centromeres compelled us to explore whether shugoshin is responsible for protecting the centromeric SC components. Our cytological experiments with mouse spermatocytes revealed that this is the case, while genetic approaches with budding yeast revealed that shugoshin is necessary for mediating the segregation of non-exchange chromosome pairs that depend upon centromere pairing for their meiotic segregation fidelity.
RESULTS AND DISCUSSION

Shugoshin 2 is necessary for centromere pairing in mice
Shugoshin 2 (SGO2) localizes to the centromeres of chromosomes in mouse spermatocytes (46) . We compared the timing of SGO2 localization to centromeres with the timing of SC protection at centromeres in mouse spermatocytes ( Fig. 1 A) . The axial/lateral element component SYCP3 was used as a marker for the SC. SGO2 is first detected at centromeres in early diplotene cells ( Fig. 1 A and B) , and remains there thru mid-and late diplotene. This corresponds with the time at which SC components are removed from chromosome arms but not from centromeres (23, 24) . Thus, these data are consistent with the model that SGO2 protects the centromeric SC from the disassembly process.
To test whether SGO2 is necessary for the protection of centromeric SC, we monitored the persistence of centromeric SYCP1 in chromosome spreads from Sgo2 -/spermatocytes and wild-type controls (Fig. 2) . In pachytene cells the SC of the Sgo2 -/mutants was indistinguishable from wild-type control ( Fig. 2 A) . In early diplotene, the SYCP1 signal was visible at paired centromeres of both the wild-type control chromosome spreads and in the Sgo2 -/mutants. In wild-type spreads the SYCP1 persisted at the centromeres through diplotene, but by late diplotene, SYCP1 was significantly reduced at centromeres when SGO2 was not present ( Fig. 2A -C).
The loss of SYCP1 from centromeres would predict that Sgo2 -/spermatocytes would also have a defect in homologous centromere pairing. Indeed, as the Sgo2 -/cells proceeded through diplotene they lost considerable centromere pairing, whereas it persisted to a greater extent in wild type cells ( Fig. 2 A, B , and D). In both the wild-type control and the Sgo2 -/chromosome spreads, the unpaired centromeres have significantly less SYCP1 staining than do the paired centromeres ( Fig. 2 E) , supporting the notion that it is the protection of SYCP1 that allows centromere pairing the persist.
Together these results suggest that wild-type and Sgo2 -/spermatocytes have similar SC structure in pachytene. When the SC disassembles, centromere pairing, and SYCP1 at the paired centromeres, can be observed in the Sgo2 -/mutant chromosome spreads, demonstrating that SGO2 is not necessary for establishing centromere pairing. However, centromere pairing rapidly disappears in the Sgo2 -/spermatocytes suggesting that SGO2 is necessary to maintain centromere pairing in diplotene.
PP2A promotes centromere pairing in mouse spermatocytes
SGO2 could be protecting centromeric SC through the recruitment of one of its effector proteins to the centromere (reviewed in (29)). Shugoshins are known to recruit PP2A phosphatase to meiotic centromeres in germ cells, where the PP2A opposes the phosphorylation of centromeric cohesins (30, 31, 47) . To test whether this same mechanism is being used to protect SC at centromeres from disassembly in diplotene, we evaluated the persistence of centromeric SC and centromere pairing in spermatocytes when phosphatase activity was inhibited ( Fig. 3 ). In these experiments we evaluated chromosome spreads from cultured spermatocytes (48) treated with the phosphatase (PP1, PP2) inhibitors cantharidin (49) and okadaic acid (50) , which at lower concentrations preferentially inhibit PP2A over other phosphatases. Treatment with either inhibitor significantly reduced the retention of SYCP1 at the centromeres of late diplotene chromosome spreads and resulted in a substantial loss of centromere pairing ( Fig. 3 A-D). Recent studies in Drosophila have suggested that PP2A and shugoshin might each act to promote localization of the other to the centromeres (39), but in our experiments no reduction in SGO2 localization was seen at the centromeres following addition of the phosphatase inhibitors ( Fig. 3 A and D) . In sum, our results support the model that PP2A, recruited by SGO2, opposes kinase activities that promote SC disassembly upon pachytene exit.
Shugoshin promotes disjunction of non-exchange chromosomes
Is shugoshin important for promoting the meiotic segregation of non-exchange partner chromosomes? In yeast, it has been possible to test the role of centromere-pairing in meiosis, and it has been shown that non-exchange chromosomes depend on centromere pairing for their segregation fidelity (20, 22) . In the mouse model, there is no established system for following the fate of non-exchange partner chromosomes, so we addressed this question using budding yeast, which has a single shugoshin gene, SGO1. Yeast sgo1D (deletion) mutants show only low levels of meiosis I non-disjunction, but severe defects in meiosis II (51) . As was first shown in Drosophila (27, 28) , the meiosis II defect is due to a failure to protect centromeric cohesion at the metaphase I to anaphase I transition. We first monitored the requirement for sgo1 for centromere pairing of a pair of centromere plasmids that act as non-exchange minichromosome partners in meiosis (52) . These mini-chromosomes do not experience exchanges, yet they disjoin properly in most meioses (6, 9, 53) . Cells bearing the mini-chromosomes were induced to enter meiosis, chromosome spreads were prepared, and pachytene spreads (as judged by Zip1 morphology) were scored for the association of the two mini-chromosomes, which are tagged at their centromeres with GFP and tdTomato ( Fig. 4 A) . The distances between the red and green foci marking the mini-chromosomes was measured in wild-type (SGO1) cells or cells that do not express SGO1 in meiosis (sgo1-md) (54) . Foci with center-tocenter distances of less than 0.6 µm were as scored as "paired" (as in Fig. 4 A top panel) while those farther apart were scored as "unpaired" (as in Fig. 4 A, bottom panel) . The sgo1-md mutants show considerable centromere pairing in pachytene, though at slightly lower levels than the control (Fig. 4 B) . Deletion of the SC gene ZIP1, whose protein is thought to mediate centromere pairing, reduces pairing to a few percent in these assays (52) . Thus, as was seen in mice ( Fig. 2) shugoshin is not essential for establishing centromere paring.
To test whether the centromere pairing in sgo1-md mutants is able to promote disjunction of the mini-chromosomes we monitored their segregation in anaphase I (Fig. 4 C) .
Cells were harvested from meiotic time courses, and fluorescence microscopy was used to determine whether the plasmids (marked by red and green foci) segregated to opposite poles in anaphase I cells. In the wild-type control, the mini-chromosomes non-disjoined in about 29% of meioses while in the sgo1-md mutants they non-disjoined in 50% of meioses -consistent with random segregation (Fig. 4 D) . From this we conclude that although the mini-chromosomes pair at their centromeres in pachytene, the pairing does not ensure disjunction.
As a second test of the role of Sgo1 in promoting the disjunction of non-exchange partners we monitored the segregation of authentic yeast chromosomes. In these experiments yeast carried either a normal chromosome V pair, with each homolog tagged at its centromere with GFP, or alternatively, a pair of homeologous chromosomes Vs (one from S. cerevisiae and one from S. bayanus) that do not experience crossovers in meiosis because of sequence divergence along the homeologous partners (55, 56) . Despite this sequence divergence, the S. bayanus chromosome V supports viability of S. cerevisae (55, 57) . Deletion of SGO1 (sgo1D) resulted in a small increase in non-disjunction frequency of the homologous chromosome Vs ( Fig. 4 E) , consistent with earlier studies (51) . In contrast, the non-exchange pair exhibited a significant increase in non-disjunction when SGO1 was deleted consistent with nearly random segregation ( Fig. 4 F) The results of these experiments show that shugoshin acts at centromeres to protect centromeric SC in diplotene, much like it protects centromeric cohesins at anaphase I. While previous work demonstrated that prophase centromere pairing is essential for non-exchange disjunction in yeast (20, 22) , these results reveal that centromere pairing is not sufficient to ensure disjunction. Earlier studies found that in wild-type cells, centromeric SC proteins disappear before chromosomes begin to orient on the spindle in early metaphase (20, (22) (23) (24) .
This observation, coupled with our findings, suggests that centromere pairing might be a precondition for setting up the mechanism that later promotes bi-orientation in anaphase. The observation that non-exchange partners in Drosophila appear to be tethered by threads of pericentromeric heterochromatin during the metaphase bi-orientation process (58) suggests the model that prophase centromere pairing could provide a platform for the establishment of centromeric connections between non-exchange partners. The fact that non-exchange segregation is randomized in yeast shugoshin mutants raises the possibility that shugoshin is not essential for centromere pairing, per se, but instead the formation or maintenance of a structure or process that promotes bi-orientation. By this model, the low levels of meiosis I nondisjunction of native chromosomes in shugoshin mutants may reflect the times at which these chromosomes fail to experience exchanges and rely upon a centromere pairing based mechanism to ensure their bi-orientation in meiosis I.
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MATERIALS AND METHODS
Yeast Strains
Yeast culturing and sporulation was as described previously (52) . Strains are isogenic derivatives of rapidly sporulating strains of primarily SK1 and W303 ancestry, derived in the RE Esposito laboratory (59) .
Mouse Strains
The Oklahoma Medical Research Foundation Animal Care and Use Committee approved all animal protocols. The following mice were used in this study: C57BL/6, Shugoshin 2 -/- (47) .
Spermatocyte Cytology
Established approaches were employed for visualizing chromosomes in surface spreads (23, 60) . Fixed spermatocyte images were analyzed using AxioVision software (Zeiss). Statistical tests were as described in the figure legends or text. For staging spermatocyte chromosome spreads, those with continuous SYCP1 signal and completely synapsed SYCP3 staining lateral elements were scored as pachytene. Staging of chromosome spreads in diplotene was based on the extent of SYCP1 staining. Those with five or more stretches of SYCP1 5 µm or longer were classified as early diplotene, those with two-to-four such SYCP1 stretches were scored as middle diplotene, and those with one or fewer 5 µm runs of SYCP1 were classified as late diplotene. The percent of centromere pairing (Fig. 2 and 3) was tabulated for chromosome ends that could clearly be resolved in the chromosome spread. The percent SYCP1 staining of centromeres was scored for pairs of centromeres ( Fig. 2 and 3 ). In this assay, for unpaired centromeres, if either of the centromeres exhibited overlapping SYCP1 staining the pair was scored as SYCP1 positive.
Spermatocyte culture and chemical inhibition
Short-term culture of spermatocytes was performed essentially as described (48, (61) (62) (63) .
Inhibitors were added at the indicated concentrations. Equivalent volumes of DMSO or ethanol alone were added to "no treatment" control cultures. In all cell culture experiments, cell viability was quantified using the Trypan Blue exclusion assay.
Imaging
All images were collected using the 100X objective lens of a Zeiss AxioImager microscope with band-pass emission filters, a Roper HQ2 CCD. Image processing and measurements of image features were performed with, and AxioVision software.
Yeast Centromere Pairing Assay
Chromosome V centromere pairing in pachytene was evaluated using published methods (64) in which a lac operator array was inserted adjacent to the centromere of two chromosomes and a lacI-GFP hybrid protein was expressed under the control of a meiotic promoter to produce a focus of GFP at the lac operator arrays (65) . Chromosome spreads were prepared and stained DAPI (4,6-Diamidino-2-phenylindole, dihydrochloride) to allow visualization of chromatin and with the primary antibodies mouse anti-Zip1p (a gift from Rebecca Maxfield), and chicken anti-GFP (Chemicon AB16901). Secondary antibodies were Alexa Fluor 488-conjugated goat antichicken IgG and Alexa Fluor 546-conjugated goat anti-mouse IgG (all from Molecular Probes).
All were used at 1:1000 dilution. Immunofluorescence microscopy was used to identify those spreads with the condensed chromosomes typical of late meiotic prophase and the number of GFP and proximity of foci was used as a measure of pairing (64) . Spreads with one focus, or two foci within 0.6 microns, were scored as paired. Those in which the foci were separated by a larger distance were scored as unpaired. Measurements were performed with AxioVision software. Pairing between centromere plasmids was performed similarly. Each plasmid carried an origin of replication (ARS1) and a 5.1 kb EcoRI fragment from chromosome III that includes the centromere. One plasmid was tagged with tdTomato-tetR hybrid proteins that localize to a tet operon operator array adjacent to the centromere (66), the other is tagged with GFP-lacI hybrid proteins that localize to a lac operon operator array adjacent to its centromere (65) .
Chromosome spreads were prepared as described in (67), with the following modifications:
Cells were harvested 5-7 hours after induction of sporulation at 30°C. Primary antibodies were mouse anti-Zip1 (used at 1:1000 dilution), chicken anti-GFP (used at 1:500 dilution; Millipore AB16901), rabbit anti-DsRed (used at 1:1000-1:2000 dilution; Clontech 632496). Secondary antibodies were obtained from Thermo Fisher: Alexa Fluor 488-conjugated goat anti-chicken IgG (used at 1:1200 dilution), Alexa Fluor 568-conjugated goat anti-mouse IgG (1:1000), Alexa
Fluor 647 conjugated goat anti-rabbit IgG (used at 1:1200 dilution). Only cells that exhibited "ropey" DAPI staining were scored in this assay, and were disqualified for assessment if there was more than one GFP focus or more than one tdTomato focus. In these cells, the distance between the center of the green focus and the center of the red focus was measured using AxioVision software.
Achiasmate segregation assay
Non-disjunction frequencies of centromere plasmids were determined using published assays (20) . Harvested cells were either assayed fresh or were frozen in 15% glycerol and 1% potassium acetate until the time at which they were assayed. Preparation for assaying the cells included staining the cells with DAPI and then mounting the cells on agarose pads for viewing as described previously (68) . Anaphase I cells were identified by the presence of two DAPI masses on either side of elongated cells, indicating that the chromosomes had segregated. To avoid scoring cells with duplicated or lost CEN plasmids, only cells with one GFP focus and one tdTomato focus were assayed. Segregation of the GFP-tagged chromosome V's was done using similar methods following a previously described protocol (64) 
